The vertebrate body wall is regionalized into thoracic and lumbosacral/abdominal regions that differ in their morphology and developmental origin. The thoracic body wall has ribs and intercostal muscles, which develops from thoracic somites, whereas the abdominal wall has abdominal muscles, which develops from lumbosacral somites without ribs cage.
Introduction
The vertebrae of early tetrapods possessed ribs in any body segment; therefore, they did not have distinct body regionalization. However, during the course of evolution, as tetrapod limbs became reoriented to hold the trunk well above the ground, ribs became confined mostly in the thoracic region and thoraco-lumbosacral/abdominal regionalization became visible, especially in birds and mammals (Feduccia, 1975; Kent, 1983; Carroll, 1988) . Cranio-caudally, the limb and the ribs appear to be complementary to each other. Forelimbs locate in the cervico-thoracic transitional region, followed by rib in the thoracic region and hind limbs in the lumbosacral region. In chick, these regions correspond to the somite 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.11.003 level: 15-20 for forelimb; 19-26 for rib: and 26-32 for hind limb ( Fig. 1A ; Chevallier, 1975 Chevallier, , 1979 Burke, 2000; Huang et al, 2000a; Christ et al., 2000) .
Study on an avian embryo has revealed that body wall components derived from embryonic mesoderm, i.e. somite and somatopleural mesoderm. Somites give rise to the body wall skeleton and muscles in both thoracic and abdominal region, except the sternum, which derived from somatopleural mesoderm ( Fig. 1A ; Chevallier, 1975 Chevallier, , 1977 Chevallier, , 1979 Christ et al, 1983; Burke, 2000 ; reviewed by Christ et al, 2007) . Most of the dermis and fascias also derived from somatopleural mesoderm. Here, we defined rib-bearing body wall in the thoracic region as the thoracic body wall and no rib-bearing body wall in the lumbosacral region as the lumbosacral/abdominal body wall (Fig. 1A) . The origin of the abdominal wall muscles were reported to overlap with the origin of the leg and pelvic girdle muscles. Seno (1961) identified somites 26-27 and Chevallier (1979) identified somites 27-29 as the origin of abdominal muscles. They also give rise to the muscle of leg and pelvic girdle (somites 26-32; Chevallier, 1979) .
When limb somatopleural mesoderm was grafted into the thoracic region, the myogenic cells of the thoracic somite migrated into the limb mesenchyme to become the limb muscles (Hayashi and Ozawa, 1995) . Therefore, it was suggested that limbs contain a potent signaling mechanism to reprogram the thoracic somite (Alvares et al., 2003) . Besides, according to Burke and her colleagues, cells from somites that cross the lateral somitic frontier (abaxial cells, Nowicki et al., 2003) will conform to the morphological pattern appropriate to the abaxial region to the host, because their gene expression and morphological fate is apparently controlled by the lateral plate (Nowicki and Burke, 2000; Burke and Nowicki, 2003) . In another study, Cohn and colleagues (1995) reported that malformation in ribs was observed when they induced an additional limb in the thoracic region with the FGF2 bead.
These studies aroused in us the question of whether in the course of phylogenesis, limb development causes the tetrapod to lose its cervical ribs and lumbosacral ribs. On this study, we tried to reproduce the regionalization of the axial skeleton in ontogenesis by inducing an ectopic limb in the thoracic region. The ectopic limb was induced by transplanting limb somatopleural mesoderm of quail embryo into chick embryo at their thoracic level. By somite-labeling experiment, we confirmed that the ectopic limb induced somitic cells to migrate into the ectopic limb mesenchyme, where they became the ectopic limb muscles. They did not develop into the body wall muscles. The ectopic limb-genesis in the thorax resulted in deficiencies in the ventral body wall components, such as the sterno-distal rib, distal intercostal muscles, sternum and abdominal muscles at the ectopical limb level. Figure is the second layer of the thoracic wall, which shows the cartilages and the intercostal muscles, proximal (pim) and distal (dim) and the first layer of the abdominal wall, which shows the internal oblique muscle (iom) and external oblique muscle (eom; cut). Dashes lines are cartilages that are derived from somatopleural mesoderm. This figure was drawn from the lateral view of eight-day-old chick embryo, right side. The ribs consist of three compartments based on their development (Aoyama et al., 2005) : proximal rib (pr), vertebro-distal rib (vdr) and sterno-distal rib (sdr). The other terminology, except the intercostal muscles, follows that of Yasuda (2002) : uncinate process of the rib (puc), vertebrae (vt), scapula (sc), coracoid (cr), sternum (st), ensiform process of sternum (ep), ilium (il), pubis (pb), ischium (is). The primaxial (bluish) and abaxial (reddish) classification follows that of Burke and Nowicki (2003) .
These missing components, as well as the limb, are classified as abaxial . Whereas we found no significant changes in the development of dorso-lateral body wall, i.e. proximal ribs, vertebro-distal ribs and proximal intercostal muscles, which is classified as the primaxial . We will discuss the interference of ectopic limb development on body wall development in the context of the new classification of somite derivatives, primaxial-abaxial (Fig. 1B) , proposed by Burke and Nowicki (2003) .
Results

Body wall morphogenesis in the embryo with an ectopic limb in its thorax
We induced an ectopic limb in the thoracic region by transplanting somatopleural mesoderm of the limb forming region into the thoracic region ( Fig. 2A ) and examined its influence on body wall development, both skeletal and muscular elements. The skeletal element was observed on whole mount preparation stained with cartilage marker, alcian blue (Fig. 2B-D and Table 1 ) and the muscular element was observed histologically using eosin staining and a muscle marker, anti-desmin antibody immunostaining alternatively (Figs. 3-5 and Table 2 ). We also identified the developmental origin of the ectopic limb component using two types of anti-quail antibodies, QCPN for the nuclei and QCR1 for the cartilage cells (Figs. 3-5 and Table 2) .
We did not remove the host somatopleural mesoderm and replace it with the graft. Instead, we transplanted the quail somatopleural mesoderm between the surface ectoderm and the host somatopleural mesoderm, which degenerates within three days as a result of this type of transplantation (see Section 2.2, last paragraph and Section 3.1, last paragraph). In total 32 embryos were operated on, of which 26 (81%) survived. Among the surviving chimeras, fourteen had leg somatopleural mesoderm transplants, six had wing somatopleural mesoderm transplants and six had thoracic somatopleural mesoderm transplants as the control experiment. Two of the 14 samples with leg somatopleural mesoderm transplants were discarded because no ectopic limb was seen.
Abaxial skeleton deficiencies of chimeras with an ectopic limb
Transplantation of leg somatopleural mesoderm produced an ectopic leg in the thoracic region (12 of 14 operated embryos or 86%) and caused abnormalities in the ventral skeletal body wall element (n = 12, Table 1 ). The ectopic legs were complete (with both pelvic girdle and leg bones, n = 8) or truncated (n = 4) and located at two to four level of thoracic vertebrae I-VII. Ribs and sternum development on the experimental side were disturbed. All Is chimera with an ectopic leg and (C) is chimera with an ectopic wing. The ectopic leg and wing development were accompanied by the lost of sterno-distal ribs (red arrows). (D) Control chimera shows no ectopic limb and normal rib development. xil, ectopic ilium; xis, ectopic ischium; xpb, ectopic pubis; xf, ectopic femur; xsc, ectopic scapula; xh, ectopic humerus.
the embryos lost their three to five sterno-distal ribs (Fig. 2B) . Most of their sternum (9 of 12 cases) lost its ensiform process and had a shorter body. On the other hand, the proximal rib and vertebro-distal ribs developed almost 
, the presence of skeletal element; (À), the absence of skeletal elements. Abbreviations: N, normal; AbN, abnormal; CD, changed its direction; T, truncated. Number in front of these letters indicates the number of cases. normally except that the vertebro-distal ribs deformed to avoid the ectopic leg (red arrows, Fig. 2B ). This directional change was suggested to be caused by a developmental space limitation rather than a direct effect of the developing ectopic leg. A wide ectopic pelvis might intercept the rib precursor cells. Transplantation of wing somatopleural mesoderm produced almost the same results as that of the leg somatopleural mesoderm transplant (Table 1) . A complete ectopic wing (5 of 6 cases) with their shoulder girdle (6 cases) developed at the level of thoracic vertebrae II-VI, and varied from two to four levels of vertebrae. All the embryos lost their three to five sterno-distal ribs ( Fig. 2C ) and had truncated sternum. However, in contrast to the case of leg somatopleural mesoderm transplantation, a wide ectopic scapula did not form, probably because scapula is largely somitic origin (Huang et al., 2000a) , and significant changes in the vertebro-distal ribs were not seen.
Homotopic transplantation of thoracic somatopleural mesoderm produced no ectopic limb and their ribs were almost normal (Table 1 and Fig. 2D ). Only in two of six cases was there a slight disorientation of one (rib VI) or two ribs (ribs VI and VII) observed. 
and ensiform process of sternum (B 0 , E 0 , ep) did not develop in the experimental side (A, B, D, E). The major part of the pectoral muscle (p) was not lost, but the distal part of the thoracobrachial part (p 0 ) did not develop (A, D, parentheses). In the chimera with an ectopic wing, the pectoral muscle duplicated (dp). Ectopic ischium (B, C, xis), ectopic coracoid (E, xcr) and ectopic sternum (F, xst) derived from quail cells, but ectopic pubis was from chick cells (C, xpb). Thus, the ectopic limb forming in the thoracic region caused loss of sterno-distal ribs (see Fig. 6 for the summary), which along the limbs are classified as abaxial .
Abaxial muscle deficiencies in the chimeras with an ectopic limb
Histological examination of the chimera with an ectopic limb revealed a disruption of the development of the body Epidermis derived from chick cells (epd). v, vessel; ram, rectus abdominis muscle; red arrows distal intercostal muscle; yellow arrow cranial part of sternal body; red bar 1 mm; black bar 500 lm; green bar 50 lm; yellow bar 10 lm. 
Origin of tissues are indicated by C (host, chick) and Q (graft, somatopleural mesoderm, quail). (+), the presence of tissue; (À), the absence of tissues; ( * ), except for the pubic bone, which derived from chick cell. Abbreviations: def, deficient; dp, with duplication of pectoral muscle. Number in front of these letters indicates the number of cases.
wall muscles, which is accompanied by a malformation of the skeletal system (Table 2 and see Fig. 6 for the summary). On the operation side, all the embryos were lacking their distal intercostal muscles and the external oblique muscle in addition to the missing of the sterno-distal rib (Figs. 3 and 4) . Most of the proximal intercostal muscles developed normally ( Fig. 3A and F) , though, in the chimera with an ectopic leg, we found disordered development in the distal part of the proximal intercostal muscles that inserted in the ribs dislocated because of the ectopic hind limb. These intercostal muscles elongated and finally broke between ribs with wider space (red arrows, Fig. 3B-D ). Between ribs with narrower space, they were compact (green arrow, Fig. 3D and E). The external oblique muscle was recognizable cranial, caudal and in some cases ventral to the ectopic limb, but was not found in the area where ectopic limb attached. The internal oblique, transversus abdominis and rectus abdominis muscles usually developed normally; however, in a few cases, their muscle masses decreased (not shown). In addition, the embryos were also lacking their cutaneous muscles (Figs. 3A, B, E and 4A, D). Thus, there were no body wall muscles at the base of the ectopic limb, which was separated from the body cavity only by connective tissue that covered the body cavity (red arrow, Fig. 3E ).
The pectoral muscle development patterns in the chimera with an ectopic leg were different from that in the chimera with an ectopic wing. Along with the ectopic leg development, the distal part of the thoracobrachial part of the pectoral muscle was lost (Fig. 4A) . On the other hand, along with the ectopic wing development, the loss of this muscle was followed by the development of extra pectoral muscle. This extra pectoral muscle developed caudally to the proper thoracobrachial part of pectoral muscle (Fig. 4D-F , see Fig. 6 for the summary).
Ectopic limb development also influenced the development of intercostal nerves. They grew into the ectopic limb area (red stars, Fig. 3A-C) , joined each other to make a plexus, and finally became the ectopic limb nerve (black arrows, Fig. 3H-L) .
Developmental origin of ectopic limb components
We confirmed that most of the ectopic limb cartilages and their surrounding connective tissue were graft/quail-derived cells (Figs. 3 and 4 , see Fig. 6 for the summary), except the pubic bone and its surrounding connective tissue. They were composed of host chick cells (xpb, Figs. 3E and 4C) . The ribs and intercostal muscles were comprised of host chick cells, and so were their surrounding connective tissues (Fig. 3A-F) . The ectopic limb muscles were host-derived cells, while the surrounding connective tissue cells and tendons were quail somatopleural mesoderm-derived cells (Figs. 3L and 4I ). The graft also gave rise to the dermis and endothelial cells. In Fig. 6 -Schematic diagrams summarizing body wall morphogenesis of chimera with an ectopic limb on its thorax. At the ectopic limb level, the sterno-distal rib and distal intercostal muscles, thoracobrachial part of pectoral muscle (black arrows) and external oblique muscles did not develop. There was a duplication of pectoral muscle (dp) caudal to the proper thoracobrachial part in the ectopic wing experiment. Blue color cartilages were derived from host chick cells; while, green color cartilages of ectopic limb (except the extra pubic) were derived from quail cells.
the control chimeras homotopically transplanted with the somatopleural mesoderm, the graft gave rise to the dermis, endothelial cells, connective tissue and sternum (Fig. 5) .
Thus, the ectopic limb muscles were derived from the host tissue, which were likely the somites because of their normal developmental fate (Fig. 1A) . To confirm that this was the case, we examined the migration pattern of thoracic somite cells in the chimera with a graft of leg somatopleural mesoderm.
2.2.
Thoracic somite cells migration in the chimera with a graft of leg somatopleural mesoderm
Transplantations of quail leg somatopleural mesoderm (28-30th somite level) between ectoderm and somatopleural mesoderm of chick prospective thoracic region (22-26th somite level) were performed on two-day-old chick embryos (19-25 somite stage or HH stage 13-15) and quail embryos (24-29 somite stage of HH stage 15-16) in ovo. We followed somitic cell migration in the chimera everyday during four days after the transplantation using two methods, vital staining with fluorescent dyes and immunohistochemistry to identify quail cells derived from the graft. We used 1,
for vital labeling (Fig. 7A-D) . It was hard to follow the cells by DiI-DiO labeling more than one day because their fluorescence became too weak to detect. Therefore, we took the advantage of quail nuclei specific monoclonal antibody, QCPN (Hybridoma bank) immunohistochemistry and 4 0 ,6-diamidino-2-phenylindole, dihydrochloride (DAPI) counter staining ( Fig. 7E-G) to follow the graft and the host cells, respectively. By this method, QCPN positive cells were not stained with DAPI . A total of 45 surgeries resulted in survival in 35 cases (78%), all of which had an ectopic limb. Seven of the 35 surviving embryos were discarded because of weak DiI labeling or unmatched position of DiI injected-somite with the ectopic limb. One day after the surgery (HH stage 19-21), in 93% (13 from 14 cases) of the chimeras, we found migration of thoracic somite cells (labeled with DiI) into the limb bud derived from quail somatopleural mesoderm (labeled with DiO, Fig. 7B-D) . Using QCPN with DAPI counter staining, we confirmed this result (4 of 5 cases or 80%). Some chick cells (blue fluorescence of DAPI) were found in the dark field (QCPN positive, Fig. 7E-F) of the limb bud. Two (HH stage 23-24; n = 4; not shown) and three days after surgery (HH stage 26-27; n = 2; Fig. 7G ), blue fluorescence chick cells were seen in the ventral and dorsal part of the limb bud. Thus, using both techniques, we confirmed that thoracic somite cells migrated into the ectopic limb bud.
To examine the fate of these immigrating somite cells, we stained the adjacent sections to those mentioned above with QCPN and anti-desmin, and alcian blue counter staining. Anti-desmin and alcian blue were used to identify muscle cells and cartilage cells, respectively. Both markers were not detected until three days after the surgery. Three days after the surgery, alcian blue positive cartilage was found in the center of the limb bud, where there were no DAPI positive cells (Fig. 7G and H) , suggesting these cartilage cells were derived form quail somatopleural mesoderm. This was confirmed by immunostaining using QCPN, which revealed quail specific large heterochromatin in the nuclei (Fig. 7J ). Dorsal and ventral to the central cartilage of the limb bud, where DAPI positive cells immigrated (white arrows, Fig. 7G ), anti-desmin positive cells were found (black arrows, Fig. 7H ). They were long like myotubes and had QCPN negative nuclei (black arrows, Fig. 7I ). Anti-desmin negative cells around the positive cells were QCPN positive quail cells (green arrows, Fig. 7I ).
Four days after the surgery, cartilages and muscles further differentiated (Fig. 7K) . It was now obvious that the anti-desmin positive muscle cells were multinuclear cells of host chick origin (black arrows, Fig. 7L ), while their surrounding non-muscle cells were of quail origin (green arrows, Fig. 7L ).
These findings suggested that the host (chick) thoracic somite cells immigrated into the limb bud, and then differentiated into muscle cells. By contrast, we found few QCPN negative, anti-desmin positive cells at the ventral of the ectopic limb (Fig. 7K, right parentheses; Fig. 7M ). On the opposite corresponding site (on the control side), there were the rib cartilages and intercostal muscles throughout the body wall (Fig. 7K, left parentheses; Fig. 7N ). Thus, the thoracic somite cells that originally formed the body wall cartilage and muscles did not follow their original fate, but some of them migrated into the graft somatopleural mesoderm to form limb muscles (see Fig. 8 for the summary).
These continuous observations also confirmed that the host somatopleural mesoderm gradually decreased, especially on the face of the graft. One day (Fig. 7E and F) and two days after the surgery (not shown), the chimeras had two layers of somatopleural mesoderm, the host (QCPN negative, DAPI positive) and the graft (QCPN positive, DAPI negative). Three days after the operation, the host somatopleural mesoderm that faces the graft was finally lost, replaced by the graft somatopleural mesoderm (red arrow, Fig. 7G and H).
Discussion
Ectopic limb induction changes the developmental fate of thoracic somite
The trunk of tetrapods is suggested to have a latent limb-growing ability (reviewed by Tamura et al., 2001 ). Studies on the avian embryos revealed that the entire dorsal and lateral region of the trunk could produce additional limbs. These additional limbs were generated by implantation of the prospective limb mesoderm into the prospective flank region (Dhouailly and Kieny, 1972) , or by application of FGFs, such as FGF1, FGF2, FGF4, FGF8 or FGF10 (Cohn et al., 1995; Crossley et al., 1996; Ohuchi et al., 1997; Yonei-Tamura et al., 1999; see Ohuchi and Noji, 1999 for a review). The additional limb induced by FGFs was found to induce migration of the flank somitic cells to give rise to its muscles (Heymann et al., 1996 ; for a review; see Ohuchi and Noji, 1999) . The same findings were also reported when the additional limb was induced by replacing the thoracic mesoderm with the limb mesoderm (Hayashi and Ozawa, 1995; Alvares et al., 2003).
Above previous studies have been concentrated on the development of the additional limb in the thorax, and scarce attention was given to the body wall development. The present study was focused on the interaction between the thoracic somite and the limb somatopleural mesoderm. Here, we presented detail data from a precise observation of the body wall morphogenesis, especially the development of the ribs, intercostal muscles and abdominal muscles due to the development of an ectopic limb in the thoracic region. The ectopic limb development in the thorax caused the loss of sterno-distal ribs, distal intercostal muscles and part of the abdominal body wall muscles (Fig. 6) . By labeling the somites after the transplantation, we followed the migration of the thoracic somite cells at the ectopic limb level and found that the somitic cells migrated into the graft derived-extra limb bud mesenchyme and became ectopic limb muscles. These migrating somitic cells did not develop into the body wall muscles. Thus, the lost of distal thoracic body wall cartilage and muscles in the embryo with the ectopic limb was results of the fate alteration of the migrating somitic cells, from the precursor of body wall muscle and maybe the cartilage to become the precursor of limb muscles.
Studies on the avian embryo revealed that the mesodermal components of the limbs and the girdles derived from somatopleural mesoderm, except the muscles and the scapular blade that derived from somite (reviewed by Christ et al., 2007) . Our study showed that the ectopic limb cartilages were graft/quail-derived cells and the ectopic limb muscles were host/chick-derived cells. These confirmed that the former derived from the somatopleural mesoderm and the latter derived from the somite. However, one of the ectopic pelvic girdle bones, the pubic bone was composed of host chick cells. Since the pelvic girdle elements showed differential gene expressions and regulation (Malashichev et al., 2005) , it is possible that the pubic bone derived from a different origin, i.e. somite. Nevertheless, it is also possible that the graft (leg somatopleural mesoderm of the quail) induced the host (thoracic somatopleural mesoderm of the chick) to develop the ectopic pubic bone. Detail cell lineage experiment to reveal this issue is under way in our laboratory.
To replace the host somatopleural mesoderm with the graft somatopleural mesoderm, we transplanted the additional somatopleural mesoderm to the host somatopleural mesoderm instead of cutting it off and transplanting the graft. When we simply made a slit between the thoracic somites and somatopleural mesoderm without doing any other treatment, the embryos lost their sternal ribs in spite of the fact that the slit became invisible within 24 h (unpublished data). It has been shown that without maintenance signals from the ectoderm, somatopleural mesoderm degenerated (Funayama et al., 1999; Sudo et al., 2001) . The homotopic transplantation of thoracic somatopleural mesoderm (the control chimeras) showed that the graft somatopleural mesoderm could replace the host without causing any significant effects on the ribs development (Figs. 2D and 5) . Thus, at first, the chimera had two layers of somatopleural mesoderm. Then, however, only the graft survived. The host somatopleural mesoderm degenerated and was replaced by the graft finally. Therefore, on the wing or leg somatopleural mesoderm transplantation, besides inducing an ectopic limb, the graft acts as a barrier between the host surface ectoderm and somatopleural mesoderm (Fig. 8A) , which makes the host somatopleural mesoderm degenerate.
Primaxial and abaxial
Anatomically, somite derivatives are classified as epaxial and hypaxial. This classification groups the muscles based on their positional relationship to the horizontal septum (for fishes and some amphibians) and the innervations of Epaxial muscles are innervated by the dorsal rami of the spinal nerves and lie above the horizontal septum, whereas hypaxial muscles are innervated by the ventral rami of the spinal nerves and lie below the horizontal septum (reviewed by Spö rle, 2001 ). This classifies the intercostal muscles (prox-imal and distal muscles) and the abdominal muscles, in the same category as the limb muscle, as hypaxial. In the avian, this classification has also been supported molecularly (Cheng et al., 2004) . Recently, Burke and Nowicki (2003) proposed a new classification, primaxial and abaxial. This classification is defined by embryonic criteria. Primaxial refers to areas that are comprised of somitic cells only, and abaxial to areas that contain somitic cells migrating and mixing with lateral plate cells. The boundary between these domains is called the lateral somitic frontier . This classifies not only the muscle elements, but also the skeletal elements (Fig. 1B) . The vertebrae, vertebral rib (proximal and vertebro-distal ribs) and proximal intercostal muscle are classified as primaxial, whereas the sterno-costal rib, distal intercostal muscle, sternum and abdominal muscles are classified in the same category as those of limb skeleton and muscles, as abaxial.
Although the primaxial and abaxial domains are different from the epaxial and hypaxial regions, these two types of classification do not contradict. The embryological, primaxial-abaxial classification is more appropriate and precise for discussing developmental phenomena . In this study, the interference of body wall development by the ectopic limb development is difficult to explain using the epaxial-hypaxial classification, because both the affected and non-affected muscles are classified as hypaxial. On the contrary, according to the primaxial-abaxial classification, the ectopic limb development disrupted the development of the abaxial derivatives, such as sterno-distal rib, sternum, distal intercostal muscle, abdominal muscles, pectoral muscle and body wall cutaneous muscles. On the other hand, the primaxial derivatives, such as vertebrae, proximal rib, vertebro-distal rib and proximal intercostal muscles, were not significantly influenced (Figs. 6 and 8) .
Somitic cells that cross the lateral somitic frontier (abaxial somitic cells) in the thoracic region include both muscle (distal intercostal muscle) and cartilage (sterno-distal rib) precursors . However, grafting experiments of limb somatopleural mesoderm showed that an ectopic limb could generate myogenic cell migration of the thoracic somite (Hayashi and Ozawa, 1995) . These cells were identified as 'migratory muscle precursors of the hypaxial somite ' (Alvares et al., 2003) . Our transplantation and labeling experiment confirmed their results, suggesting that the migratory somitic cells should be called 'abaxial muscle precursors', because they are somitic cells that migrated into the lateral plate mesoderm, rather than remaining primaxial and forming proximal-hypaxial intercostal muscle.
When the host somatopleural mesoderm was replaced by the limb somatopleural mesoderm, the permissive inductive signals for sterno-distal rib formation from the somatopleural mesoderm (Chevallier, 1975; Sudo et al., 2001 ) was lost, which may cause the loss of sterno-distal rib in the thoracic body wall (Fig. 8) . Responding to the ectopic limb development, the cartilage precursor cells of sterno-distal rib may change their fate to form the limb muscle, although they might die at the loss of thoracic somatopleural mesoderm. If the fate changed, it is a change from the 'abaxial cartilage' to the 'abaxial muscle'. While the graft was maintained by the ectoderm (via BMP2 and/or BMP7; Funayama et al., 1999) , the host somatopleural mesoderm, gradually degenerated. The inductive signal from the developing limb somatopleural mesoderm (BMP4 and SF/ HGF; Alvares et al., 2003) then controls the migration of the thoracic somite cells, called the abaxial somitic cells. (B) The migrated cells gave rise into the limb muscles, but did not develop into the body wall muscles. (C) Finally, the thoracic body wall lost its distal or abaxial muscles and cartilages. The proximal or primaxial muscles and cartilages were not affected.
In summary, our results demonstrated that the ectopic limb development interferes with the development of the abaxial somite derivatives, rather than the primaxial derivatives in the thoracic body wall. As has been proposed by Nowicki and Burke (2000) , we also inferred that primaxial somitic cells have a tendency to keep their own identity and fate, whereas abaxial somitic cells have a tendency to change in response to the lateral plate mesoderm.
3.3.
Limb-genesis and thoraco-abdominal regionalization in the course of phylogenesis
The thoracic wall possesses ribs and muscle, which develops in a segmental fashion and derives from thoracic somites (somites 19-26; Seno, 1961; Chevallier, 1979) . On the contrary, the abdominal wall does not possess ribs, and the appearance of the muscles does not show a distinct segmental pattern. Based on morphological observations (Seno, 1961; Chevallier, 1979) , the intercostal muscles undergo a transverse lengthening in the lateral and ventral directions (belt-like distribution), whereas, the abdominal muscles not only have a transverse dorso-ventral extension, but also an extended antero-posteriorly (fan-like distribution). Our experiment on regional differentiation of somite fate (Yamaguchi and Aoyama, unpublished data) also suggested that the abdominal body wall is not segmented in developmental origin as it appears, because it is mainly derived from somite 27. Somites 26 and 28 only gave rise to the rostal and caudal periphery of the abdominal muscles, respectively, and somite 29 exclusively gave rise to the hind limb muscles. Therefore, most of the lumbosacral somites form neither the rib nor the body wall muscle, or in other words, most of the lumbosacral somites form the hind limb muscles, but not the ventro-lateral body wall.
These data together with our present findings brought us to a speculation that the loss of ribs in the abdominal wall during the course of phylogenesis is a result of the loss of the abaxial components of body wall induced by the development of the lower limb, as well as minimization of the primaxial components of body wall. First, sterno-distal ribs and distal intercostal muscles in the lumbosacral/abdominal region are lost because of the limb emergence as in our experiment. Then, vertebro-distal part of ribs and their associated proximal intercostal muscles are lost, although the mechanism is still unknown. The role of the surface ectoderm may be important, because only the region dependent on the ectoderm, i.e. distal part of rib (Hirao and Aoyama, 2004; Aoyama et al., 2005) , is lost. Finally, the body wall lacking muscles is then occupied by migrating somitic cells from non-limb forming somites immediately cranial to the limb forming somite to form abdominal muscles. As a result, the body wall is regionalized into a thoracic body wall that possesses both muscles and rib, and a lumbosacral/abdominal body wall that possesses muscles but no rib.
In the cervical region, mammals and birds have no ribs and no ventro-lateral body wall muscles. Murakami and Nakamura (1991) showed that cervical somites formed neither the ribs nor the intercostal muscles after an ectopic transplantation of the cervical somites into the thoracic region. In addition, orthotopic transplant of the cervical somite done by Nowicki et al (2003) showed that the majority of cervical muscles lied in the primaxial domain or there were almost no abaxial muscles in the cervical region. The only abaxial muscle, the cucullaris muscle, originates from the first and second somites that migrate posteriorly through the lateral plate (Huang et al., 1997 (Huang et al., , 2000b . The cervical somites, thus, have no potential to form ventro-lateral body wall skeletal and muscular elements. In chick, muscles of the wing and pectoral girdle derive from somites 12-20 (Chevallier, 1979; Burke, 2000) . This means that most of the upper limb muscles derive from caudal cervical somites. The present study showed that the ectopic wing formation in the thoracic region also caused the loss of abaxial components of the ribs and muscles. Here also is an example that somites have an alternative developmental fate of body wall or limb in their abaxial derivatives. As well as in the case of the abdominal body wall, the evolution of upper limb formation might cause the loss of cervical ribs, although for more rostral cervical region than the brachial level other mechanisms have to be considered. For example, the rostral cervical segment might be formed by duplications of the brachial segments.
4.
Experimental procedures
Embryos
Fertilized eggs of the white Leghorn chicken (Gallus gallus domesticus) and the Japanese quail (Coturnix coturnix japonica) were obtained from a local farm and were incubated at 38°C in a humidified incubator. Embryos were staged according to Hamburger and Hamilton (1951) .
Transplantation
Surgery was performed on two-day-old chick embryos (19-23 somite stage or HH stage 13/14) in ovo ( Fig. 2A) . To develop an extra limb in the thoracic region, somatopleural mesoderm of the prospective leg (28-30th somite level), wing (17-19th somite level) or thorax (23-25th somite level, as control) of quail embryos (25-27 somite stage or HH stage 15) were transplanted between ectoderm and somatopleural mesoderm of the chick prospective thoracic region (22-25th somite level). First, the chick embryos were prepared and somites were counted for staging as described previously (Aoyama and Asamoto, 1988) . The window of the eggshell was sealed with Sekisui OPP tape and reincubated until grafting. Second, the quail embryos were removed from the yolk in Tyrode's solution and their somites were counted staging. Quail right somatopleura at the prospective leg, wing or thorax region were cut out using a surgery scalpel and incubated in 500 IU/mL dispase in Tyrode's solution supplemented with 10% fecal calf serum (FCS) for 15 min at room temperature. After that, the somatopleural mesoderm was separated from other tissues using two tungsten needles in the Tyrode's solution and immediately transferred into 10% FCS/Tyrode's solution at room temperature. The graft orientation was marked by making it in a trapezoid form. Finally, the right side of the host (chick) surface ectoderm at the 20-27th somite level was separated from underlying somatopleural mesoderm, and the graft was inserted between ectoderm and somatople-ural mesoderm keeping its original orientation using a micro scalpel made from a sewing needle. After the surgery, the eggshell window was sealed again and the egg was incubated for a further six days.
Skeletal preparation
Six days after the surgery (HH stage 35), embryos were fixed with Carnoy fixative overnight and washed with 70% ethanol overnight twice. After evisceration, embryos were stained with alcian blue 8GX/70% ethanol/1% HCl overnight (Simons and Van Horn, 1971) , dehydrated through an ethanol series and cleared with methyl salicylate.
Histology
After skeletal observation, embryos were treated with absolute ethanol, xylene and embedded in paraffin to prepare 7 lm serially frontal sections. Adjacent sections were stained in two different ways. They were subjected to immunohistochemistry using two types of quail specific monoclonal antibodies, QCPN (Hybridoma bank) and QCR1 (Aoyama et al., 1992) , followed by alcian blue 8GX/H 2 O/0.3% HCl and 1% eosin/H 2 O counter staining. Alternatively, they were stained with QCPN and anti-desmin (diluted 1:40; Sigma, St. Louis, MO) and alcian Blue 8GX/H 2 O/0.3% HCl counter staining.
For QCPN and QCR1, a horseradish peroxidase conjugated goat anti-mouse IgG (H + L; diluted 1:300; Bio-Rad, Hercules, CA) was used as the secondary antibody. 3,3 0 -Diaminobenzidine tetrahydrochloride (DAB) was used as a chromogen, yielding a brown signal. For the muscle specific marker, anti-desmin, an alkaline phosphatase-conjugated polyclonal goat anti-rabbit IgG (diluted 1:50; DakoCytomation, Dako, Denmark) was used as the secondary antibody. Fuchsin (Dako) was used as a substrate-chromogen to reveal a red signal.
Tracing somitic cells
DiI and DiO vital labeling
Five microliters of 0.5% 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate (Dil, Molecular Probes, Carlsbad, CA) in absolute ethanol was diluted to 45 lL of 0.3 M sucrose in warm conditions (45°C) and vortexed. One hundred microliters of 0.25% 3,3 0 -dioctadecyloxacarbocyanine perchlorate (DiO, Molecular Probes) in DMSO was diluted to 400 lL of 0.3 M sucrose in warm conditions (45°C), vortexed and passed through a 0.45 lm Millipore filter to remove dye aggregates. Before transplantation, the graft was immersed in DiO solution for 1 min and washed with 10% FCS/Tyrode's solution. After transplantation, chick embryos were reincubated to reach the 24-25 somite stage (HH stage 15). Then, one, two or three of the 22nd to 24th somites were injected with DiI and the embryos were further incubated. Thus, green fluorescence of DiO-labeled transplanted somatopleural mesoderm, and red fluorescent of DiI (Fig. 7A) labeled the somite.
After incubation for about 24 h, the whole mount embryos (at HH stage 19-21) were observed under fluorescence stereomicroscope (Leica MZ FLIII, Heerbrugg, Germany) and were fixed with 4% paraformaldehyde in phosphate buffer saline (PBS) overnight. After that, they were washed in PBS, soaked in 10% sucrose/PBS overnight, soaked in 20% and 30% sucrose/PBS until they sunk, embedded in embedding medium for frozen tissue specimens, Tissue-Tek OCT compound (Sakura, Torrance, CA), and frozen with liquid nitrogen immediately.
After whole mount embryo observation, cryosections of 14 lm thick were performed transversely and the sections were immediately observed under stereomicroscope (Zeiss Axioxkop 2, Jena, Germany). Migration was assessed according to Hayashi and Ozawa (1995) . Sections containing 0-4 cells migrating out of the somite were scored as (À), those containing 5-9 cells as (+/À), those containing 10-29 cells as (+) and those containing more than 29 cells as (++).
QCPN and DAPI counter staining
One (HH stage 19-21), two (HH stage 23-24), three (HH stage 26-27) and four days (HH stage 28-29) after the transplantation, embryos were fixed with Carnoy fixative overnight, dehydrated with 70% ethanol overnight twice, and then with 90% and absolute ethanol for 1 h each. After staining with 0.1% light green/ethanol to visualize the specimen in paraffin block, they were rinsed with absolute ethanol, treated with xylene and embedded in paraffin to prepare 7 lm transverse sections.
QCPN immunostaining was done first using procedure as describe above, followed by counter staining of 0.5 lL/mL DAPI in PBS. After being washed with PBS, they were immediately observed under stereomicroscope (Zeiss Axioskop 2, Jena, Germany). This labeling facilitated detection of scattered chick cells within quail tissue, since chick nuclei fluoresced after DAPI stain, whereas quail cells were not fluorescent after QCPN immunostaining . The adjacent sections were stained with double immunostaining for QCPN and anti-desmin, followed by alcian blue counter staining.
